For renewable wave energy to operate at grid scale, large arrays of Wave Energy Converters (WECs) need to be deployed in the ocean. Due to the hydrodynamic interactions between the individual WECs of an array, the overall power absorption and surrounding wave field will be affected, both close to the WECs (near field effects) and at large distances from their location (far field effects). Therefore, it is essential to model both the near field and far field effects of WEC arrays. It is difficult, however, to model both effects using a single numerical model that offers the desired accuracy at a reasonable computational time. The objective of this paper is to present a generic coupling methodology that will allow to model both effects accurately. The presented coupling methodology is exemplified using the mild slope wave propagation model MILDwave and the Boundary Elements Methods (BEM) solver NEMOH. NEMOH is used to model the near field effects while MILDwave is used to model the WEC array far field effects. The information between the two models is transferred using a one-way coupling. The results of the NEMOH-MILDwave coupled model are compared to the results from using only NEMOH for various test cases in uniform water depth. Additionally, the NEMOH-MILDwave coupled model is validated against available experimental wave data for a 9-WEC array. The coupling methodology proves to be a reliable numerical tool as the results demonstrate a difference between the numerical simulations results smaller than 5% and between the numerical simulations results and the experimental data ranging from 3% to 11%. The simulations are subsequently extended for a varying bathymetry, which will affect the far field effects. As a result, our coupled model proves to be a suitable numerical tool for simulating far field effects of WEC arrays for regular and irregular waves over a varying bathymetry.
Introduction
Wave energy is a renewable energy source with the potential to contribute to reduce the world's dependency on fossil fuels. Compared to other renewable energy sources, such as wind and solar, wave energy conversion lacks technologic and economic development. In order for wave energy to be economically viable, large farms of Wave Energy Converters (WECs) have to be deployed at the same location, which will enable wave energy to operate at grid scale and compete with wind farms. This is usually termed as WEC arrays or WEC farms in literature. For this study, the term WEC farm refers to a scale comparable to a wind farm, while a WEC array is a small group of WECs closely spaced within the farm. Due to the hydrodynamic interactions between the individual WECs in the array, the overall power absorption will be affected. The hydrodynamic problem of power absorption is characterized by two different problems: the diffraction problem and the radiation problem. The diffraction problem studies the change in direction of the incident wave field due to the presence of the WECs. Assuming the WECs to be stationary and depending on their geometry, a diffracted wave field around the WECs can be obtained. The radiation problem refers to the generation of a radiated wave field around the WECs due to the oscillations of the bodies caused by the incident wave field. The superposition of the diffracted and radiated wave fields using linear wave theory results in a complex perturbed wave field around the WECs. This is often described as the near field effects in literature (illustrated in Figure 1 ). In addition, the absorption and redistribution of the wave energy around the WECs will also cause a wake behind the WEC array, which is an area of reduced wave height in the lee of the WECs. Wake effects can have a positive or negative impact on the coastline and other sea users. This is often described as the far field effect of WECs. Substantial numerical research has been carried out to study the near field effects and interaction factors of WECs, to optimize the array lay-out for maximizing power output. To date, various wave-structure interaction models have been used: numerical array models based on semi-analytical coefficient calculation [2, 3] , Boundary Elements Methods (BEM) based on potential flow theory [4, 5] and Computational Fluid Dynamics (CFD) [6] .
Far field effects are traditionally studied using wave propagation models. In [7] [8] [9] [10] [11] , phase-averaging spectral models are used to obtain the wave field in the lee of a WEC array. The WEC arrays in these studies are simplified as obstacles with a fixed transmission coefficient. In the same way, Ref. [12] used a time-dependent mild-slope equation model and simplified each WEC as a wave power absorbing obstacle. To obtain the absorption coefficient for phase-averaging spectral models and the wave power absorbing obstacle coefficient for time-dependent mild-slope equation models, tank testing or numerical modelling is required. Therefore, the modelling of the hydrodynamic interactions is not taken into account resulting in a simplified WEC parametrization, which leads to low accuracy results.
As pointed out in [13] , the currently available approaches either focus on modelling the near field effects at high fidelity but with high computational cost or the far field effects with low fidelity but low computational cost, in part due to the limitation of modelling both effects simultaneously using a single solver. On the one hand, wave-structure interaction solvers require a long computational time, which increases exponentially with the number of bodies of the WEC array and the size of the domain. Additionally, BEM solvers [14, 15] are limited to a constant bathymetry, whilst other solvers like CFD solvers increase the computational time even more when considering irregular bathymetry. As a result, BEM solvers and CFD solvers are not suitable for studying far field effects of WEC arrays which require an even larger domain. On the other hand, wave propagation models offer a lower computation time for modelling large domains and study the WEC array impact at a regional scale. Nonetheless, the simplification in modelling the WEC hydrodynamic problem can lead to erroneous model conclusions.
Various coupling methodologies to rectify these limitations have recently been advanced in [16] [17] [18] [19] [20] . These coupling methodologies are based on the work of [1] , who first presented a coupling between a wave propagation model (MILDwave [21] ) and a wave-structure interaction solver (WAMIT [14] ). Pairing models with different resolutions and computational costs can enable the modeler to obtain results for different sub-domains of the problem while keeping the computational cost reasonable. This allows higher precision in the estimation of near field effects using wave-structure interaction solves. Subsequently, the resulting wave field of the wave-structure interaction solver is propagated using wave propagation models which solve wave propagation and transformation over large distances with varying bathymetry. Given the fact that the cost of installation of floating structures increases significantly in larger water depths, installation of floating structures in smaller depths where realistic bathymetries become significant could be a solution to this high cost. Therefore, modelling WEC array effects for irregular wave conditions and for realistic bathymetries can play an import role in further developments in the wave energy sector.
In this paper, a generic methodology for coupling a wave-structure interaction solver with a wave propagation model for any (floating) structure is presented and validated, with a novel application for irregular waves over a varying bathymetry. In Section 2, the details are presented of the generic coupling methodology between any wave-structure interaction solver and any wave propagation model. Section 3 illustrates the coupling methodology applied to a test case between the wave-structure solver, NEMOH, and the wave propagation model, MILD wave, for an array of nine floating WECs. Section 4.1 provides a verification of the results from the proposed coupling methodology against the wave fields simulated using the wave-structure interaction solver. Additionally, the coupling methodology is compared to an experimental data set for a 9-WEC array in Section 4.2. Section 4.3 advances an implementation of the coupling methodology with varying bathymetry. In Section 5 , the ability to simulate the far fields effects with high accuracy of the proposed coupling methodology is discussed. Finally, the conclusions of this work and future work are discussed in Section 6.
Generic Coupling Methodology
The proposed generic coupling methodology introduced in [1] and refined in [16] consists of four steps, as illustrated in Figure 2 . Firstly (Step 1), the wave propagation model is used to obtain the incident wave field at the location of the structure(s) when the structure(s) is(are) not present. Secondly (Step 2), the obtained wave field is used as input for the wave-structure interaction solver at the location of the structure(s). Now, we can solve the motion of the structures(s) and obtain an accurate solution of the radiated and diffracted wave fields around the structure(s), namely the perturbed wave field. Thirdly (Step 3), the perturbed wave field is used as input in the wave propagation model and is propagated throughout a large domain. This is done by prescribing an internal wave generation boundary around the structure location. Finally (Step 4), the total wave field due to the presence of the structure(s) is obtained as the superposition of the incident wave field and the perturbed wave field in the wave propagation model.
The aforementioned coupling methodology can also be classified into a one-way coupling or two-way coupling depending on how Step 4 is implemented. Figure 3 shows the schematics of a one-way and a two-way coupling, respectively. The inner model domain corresponds to the location of the structure(s), where the near field effects are solved. The outer model domain corresponds to the area where the far field effects are evaluated. Both the inner model domain and the outer model domain are represented not to scale. In a one way-coupling, the wave field for each numerical problem is calculated independently. Thus, the main coupling mechanism in this example is the superposition of two different simulations obtained in the wave propagation model: an incident wave field calculated intrinsically and a perturbed wave field calculated using a wave generation boundary.
In a two-way coupling, there is an exchange of information between the wave propagation model and the wave-structure interaction solver in each time step of the simulation and therefore Steps 2, 3 and 4 of the coupling methodology have to be re-calculated at each simulation time step. Figure 2 . Flow chart of the generic coupling methodology between a wave-structure interaction solver and a wave propagation model. Nevertheless, both solutions are able to obtain the far field effects of the WEC array at a reasonable computational cost and accuracy taking into account bathymetric effects and wave transformation processes, with an accurate description of the perturbed wave field around the structure/WEC. The proposed coupling methodology is a generic tool that can be applied in the following cases:
1.
Any wave-structure interaction solver that describes the perturbed wave field is suitable for obtaining the input parameters for the internal wave generation boundary. Models based on potential flow theory (e.g., BEM [17, 22, 23] ) or analytical models based on analytical calculation of coefficients or numerical models based on resolving the Navier-Stokes equations (e.g., CFD [6] or SPH) are all suitable in obtaining the perturbed wave field around the WEC array [20] .
2.
Any wave propagation model can be used. A wave propagation boundary can be implemented in both phase-resolving and phase-averaging models.
3.
The methodology applies to any kind of oscillating or floating structure. In this paper, a WEC array of heaving point absorber WECs is modelled using a phase-resolving model (in order to demonstrate this numerical coupling methodology). However, it can be applied to oscillating water column WECs, overtopping WECs, wave surge WECs, floating breakwaters or platforms.
Application of the Coupling Methodology between the Wave Propagation Model, MILDwave, and the BEM Solver, NEMOH
In this section, the generic coupling methodology presented in Section 2 will be demonstrated for obtaining the far field effects due to a WEC array. First, the applied wave theory is discussed. Secondly, a description of the two numerical models employed is provided. Thirdly, the application of the coupling methodology is described for regular and irregular waves. Finally, the coupling methodology is validated against WEC array experimental data from the WECwakes project [1, 24, 25] which has been co-ordinated by the co-authors of the present paper.
Numerical Background

Linear Potential Flow
Both models employed are based on linear potential flow theory [22] that allows the flow velocity, ν, to be expressed as the gradient of the potential, Φ:
The assumptions underlying potential flow theory are the following:
The flow is inviscid.
2.
The flow is irrotational.
3.
The flow is incompressible.
The standard assumption of linear theory that the motion amplitudes of the bodies are much smaller than the wavelength also applies. Linear potential flow theory has hitherto been utilized in a majority of the investigations into WEC array modelling-for example, see [26] . Due to the principle of superposition, linear potential theory allows for the separation of the total wave field into the following components of the velocity potential :
where ϕ t is the total velocity potential, ϕ i is the incident wave velocity potential, ϕ di f f is the diffracted wave velocity potential and ∑ 6 i ϕ rad is the sum of the radiated wave velocity potentials for each degree of freedom of motion of the WEC(s). In our investigation, we also make use of the term "perturbed wave" to denote the wave resulting from the sum of the diffracted and radiated wave velocity potentials.
Wave Propagation Model MILDwave
The wave propagation model chosen for demonstrating the coupling methodology is the mild-slope wave propagation model MILDwave [21, 27] . MILDwave is a phase-resolving model based on the depth-integrated mild-slope equations of Radder and Dingemans [28] . MILDwave allows for solving the shoaling and refraction of waves propagating above mild-slope varying bathymetries. Furthermore, MILDwave has been widely used in the modelling of WEC arrays [12, 16, 17, 19, 24, 27, 29, 30] . The mild-slope equations (Equations (3) and (4)) are resolved using a finite difference scheme that consists of a two-step space-centered, time-staggered computational grid, as detailed in [31] :
∂ϕ ∂t
where η and ϕ are, respectively, the free water surface elevation and the wave velocity potential at the free water surface, g is the gravitational acceleration, C is the phase velocity and C g is the group velocity for a wave with wave number k and angular frequency ω.
Wave-Structure Interaction Solver NEMOH
The wave-structure interaction solver chosen for demonstrating the coupling methodology and to solve the diffraction/radiation problem is the open-source potential flow BEM solver NEMOH. Given Equation (1), NEMOH solves the Laplace Equation (5) for the complex wave velocity potential, ϕ:
given a set of boundary conditions on the wetted body surface, the free surface, sea bottom and the far field area. Equation (5) is solved by employing Green's functions [15] . An important restriction imposed by Green's functions is the assumption that the water depth h is constant throughout the BEM domain. The free surface elevation η is calculated by taking the real part of the complex potential η from the free surface boundary condition, presented by Equation (6) . From the superposition principle, presented by Equation (2), free surface elevations can be obtained separately from the vertical motions of the WEC(s) due to the diffracted and radiated potentials:
Modelled WECs
The examined WEC array consists of nine heaving buoys. The buoy shape is a flat circular cylinder with a diameter of 10 m and a draft of 2 m. The shape was chosen to represent several promising WEC technologies that are being developed at the moment [32] . The Power Take-off (PTO) of each WEC is modeled as a resistive damper. The damping coefficient of the PTO, B PTO , is kept constant during the investigation with B PTO = 3.6 × 10 5 kgs −2 . The chosen B PTO leads to a resonance condition for a wave period of 8 s [18] . However, it has been found that a variation of B PTO depending on the wave period does not have a significant impact on the WEC motion [16] . The WEC array layout is sketched in 
Wave Characteristics
The results presented here comprise two sets of regular and irregular waves included in Table 1 . We aim to demonstrate the application of the coupling methodology and impact of the WEC array on the wave field for different wave periods and for a fixed wave direction θ = 0 • . The regular wave set consists of a wave height H = 2 m and a wave period T = 6, 8 and 10 s. The irregular wave set consists of a significant wave height H s = 2 m and a peak period T p = 6, 8 and 10 s. The three wave periods chosen range from 6 to 10 s as they range from values closer to the resonance period (T r ) of the WECs, for which the WEC motions are large, to values far from T r where the motions of the WECs are reduced reproducing possible operational wave conditions for the WEC array. Table 1 . Incident wave data sets used for the coupling methodology test cases.
Regular Waves
Case Name
For the regular wave cases (A-C), the results are presented in all points of the domain by calculating the K D,r , defined as the ratio between the numerically calculated total wave, H tot , and the incident wave height, H i :
where η(x, y) is the resulting surface elevation in each simulation time step dt and ∆t is the time window over the K D is computed. For the irregular wave cases (D-F), a Pierson-Moskovitz spectrum is utilized to represent a realistic sea state [33] . This methodology for generating irregular waves has already been used by [34] when modelling WEC arrays.
The irregular wave spectrum is defined by Equation (8):
where
The wave spectrum is discretized in a total of n = 20 regular wave components. The wave height H i and wave amplitude a i corresponding to each regular wave component of wave frequency f i is obtained by:
where ∆ f = 0.2 corresponds with the wave frequency discretization of the spectrum and ϕ i with a random number between˘π and π corresponds to the phase angle of each wave frequency component.
The surface elevation η i for each regular wave component is then obtained using Equation (13):
where η i1 (x, y) corresponds to the surface elevation of unit wave amplitude for the ith regular wave component of the wave spectrum. The irregular surface elevation η ir (x, y) at each point of the numerical domain is then obtained as a superposition of the N regular wave components of the spectrum using Equation (14):
As in the case of regular waves, the results are presented as the K D,irr for irregular waves, defined as the ratio between the numerically calculated significant wave height, H s,tot , and the incident significant wave height, H s,i :
It has to be noted that Equations (13) and (14) can also be used to obtain the diffracted and radiated wave fields around the WEC array.
Coupling Methodology Implementation
This section shows the application of the generic coupling methodology using the selected numerical models. The objective is to obtain the total wave field in the MILDwave domain due to the presence of the WEC array. This is performed by superimposing the incident wave field, the diffracted wave field and the radiated wave field generated in MILDwave. The first step (Step 1 in Figure 2 ) of the coupling methodology is to obtain the incident wave field in the wave propagation model, MILDwave, at the location of the WEC array ( Figure 2) . A numerical basin is set-up in MILDwave where the incident waves are generated along a linear wave generation boundary perpendicular to the wave propagation direction. In the MILDwave domain, both constant or varying bathymetries can be modelled. To minimize unwanted wave reflection absorption zones (implemented in MILDwave as sponge layers), are placed down-wave and up-wave the basin. From this simulation, the surface elevations at the WEC array location are obtained and used as the input value for NEMOH, which is Step 2 in Figure 2 .
In the second step (Step 2 in Figure 2 ) of the coupling methodology, the radiated/diffracted wave field is obtained around the WEC array using the wave-structure interaction solver NEMOH. NEMOH resolves the wave frequency dependent wave radiation problem for each individual WEC and the diffraction over a predetermined numerical grid. The input values for NEMOH are the WEC array, the wave amplitude at the WEC array location obtained in Step 1, the wave period and the water depth at the WEC array location. As a result, NEMOH gives the complex radiated and diffracted wave fields described by Equations (16) and (17) respectively:
where ω corresponds to the wave angular frequency (rad/s), i is the imaginary number part, ϕ rad and ϕ di f f correspond to the radiated and diffracted wave phase angle, respectively, M is the total number of WECs andX is the Response Amplitude Operator (RAO) of each WEC given by:
Here, a c corresponds to the wave amplitude at the coupling region,F ex is the excitation force, M is the WEC mass, M A is the added mass, B hyd is the hydrodynamic damping coefficient, B PTO is the Power Take-Off damping coefficient and K H is the hydrodynamic stiffness. The radiated and diffracted wave fields are then summed up in the frequency domain to obtain the perturbed wave field:
In the third step (Step 3 in Figure 2 ), the perturbed wave field is then transformed from the frequency domain to the time domain and propagated into MILDwave using a circular wave generation boundary ( Figure 5 ). Waves are forced away from the circular wave generation boundary by imposing the free surface elevation along the circle, η circ (x, y, t) :
To avoid wave reflection, absorption layers (implemented in MILDwave as sponge layers) are placed up-wave, down-wave and also along the sides of the MILDwave numerical domain. In the fourth step (Step 4 in 2), the incident wave field obtained in Step 1 and the perturbed wave field obtained in Step 3 are combined to obtain the total wave field due to the presence of the WECs array in the MILDwave domain:
(21) Figure 5 . Sketch of the incident wave propagation (left) and perturbed wave propagation (right) in MILDwave. The black line corresponds to the wave generation line, the black circle corresponds to the circular wave generation boundary and the grey areas correspond to absorption zones (sponge layers) down-wave,up-wave and along the sides of the numerical domain.
Experimental Data-Set Used for Numerical Validation Purposes
This section gives a description of the experimental data-set used to validate the coupling methodology described in this study. The experimental data-set from the WECwakes project [1, 24, 25] conducted in the Shallow Water Wave Basin of DHI, Hørsholm, Denmark is used. In the WECwakes project, WEC arrays up to 25 devices were tested to study near field and far field effects of heaving point absorber WECs. First, the characteristics of an individual WEC are described. Secondly, a description of the wave basin is provided. Thirdly, a general description of the WECwakes experiment is included. Finally, the numerical model implementation of the experimental set-up is discussed.
Each of the 25 WEC heaving point absorbers tested consists of a buoy heaving through a metallic vertical shaft mounted on a metal base installed at the bottom of the wave basin ( Figure 6 ). Each buoy consists of a cylindrical body and a spherical bottom with a diameter of 0.315 m. The draft of the WEC is 0.323 m. The water depth is fixed to 0.700 m. The PTO system is composed of Teflon (PTFE)-blocks at the top, which causes energy dissipation through friction damping of the WEC heave motion. Additionally, the presence of the vertical shaft through the buoy causes additional frictional forces on the WEC buoy. Figure 7) have been tested using different geometric WEC array configurations. By testing different WEC array configurations under a wide range of sea states a large experimental data-set has been generated and is publicly available for numerical validation purposes. The wave field around the WECs is recorded using 41 resistive wave gauges (WGs) distributed in the basin as shown in Figure 7 . A potentiometer is installed at the top of each WEC unit to measure its heave displacement. Furthermore, two load cells were installed in the five WECs located on the central line of the array to measure surge forces.
The WECwakes project has led to a database of 591 test focusing on different array geometrical configurations and wave characteristics. For this validation, an array of nine WECs arranged in a 3 × 3 WEC layout has been selected (see Figure 8) . A total of 15 wave gauges located in the front, leeward and sides of the array are identified to compare the free surface elevations between the NEMOH-MILDwave coupled model and the experimental data-set. The separating distance between the different WEC units is equal to 1.575 m. The incident regular wave conditions used are a wave height of H = 0.074 m and a wave period of T = 1.26 s.
The effect of the WEC's PTO system is included in the numerical simulation by adding an external damping coefficient, B PTO , to the equation of motion (Equation (18)). The value for B PTO is calculated empirically to account for (i) the PTO system itself which mimics a coulomb damper, (ii) viscous damping of the WEC's motion due to the presence of water between the vertical supporting axis and the shaft through the WEC unit [35] and (iii) the wave-induced surge forces pushing the WEC against its vertical supporting axis [36] . Therefore, a single WEC has been modelled in NEMOH, similar to the experimental set-up but without the shaft bearing, and regular waves are generated. When the difference between numerical and experimental results of the free surface elevations of the total wave field was smaller than 5%, the applied external damping coefficient is considered sufficient. This methodology resulted in a value of B PTO = 28.5 kg/s. 
Test Program
Coupling Methodology Implementation for Constant Bottom Bathymetry
The first objective of this research is to show the accuracy of the NEMOH-MILDwave coupled model in obtaining the total wave field around a WEC array. A comparison between NEMOH and the NEMOH-MILDwave coupled model will be done using the numerical results from NEMOH as a benchmark for the NEMOH-MILDwave coupled model. To quantify the difference in the K D between NEMOH and the NEMOH-MILDwave coupled model, the relative K D difference between NEMOH and the NEMOH-MILDwave coupled model is determined:
A test program, Table 2 , has been designed based on the regular waves and irregular waves cases presented in Table 1 . The total wave field around the 9-WEC array illustrated in Figure 4 is simulated in deep water. The direction of the wave propagation, indicated by λ in Figure 4 , is from left to right. The basin water depth is set to a constant depth of d = 40 m to provide deep water conditions. Tests 1-3 and tests 7-9 are performed using the BEM code NEMOH. NEMOH has important constraints as noted in [15] but accurately solves array interactions within linear theory. To maximize the accuracy of the results, a numerical basin of 800 m × 800 m is used for each simulation with a grid size of 2 m with an equal spacing in x-and y-directions. It has to be noted that the results from NEMOH are used as the input values for the NEMOH-MILDwave coupled model. NEMOH gives the total wave field individually for each body; however, the 9-WEC array is implemented directly in the NEMOH-MILDwave coupled model. Tests 4-6 and 10-11 are performed using the NEMOH-MILDwave coupled model. The coupling methodology is implemented along an internal circular wave generation boundary of coupling radius r c = 120 m. According to [16] , a wave generation circle with a minimum rc distance equal to the distance from the center of the coupling region to the most further WEC + 2· r WEC offers an accurate solution. The grid size for the simulation is set to 2 m with an equal spacing in the x-and y-directions and an effective domain of 2800 m × 1600 m. Absorbing sponge layers are placed in the edges of the numerical basin to avoid wave reflection. Each simulation is run for 2000 s to obtain a fully developed sea state.
Coupling Methodology Validation for Constant Bottom Bathymetry against Experimental Data
The second objective of this research is to validate the NEMOH-MILDwave numerical model against existing experimental data. For this purpose, the experimental set-up presented in Section 3.3 will be simulated using the coupling methodology presented in Section 3. The 3 × 3 WEC array show in Figure 8 The comparison between the results of the NEMOH-MILDwave model and the experimental WECwakes data is based on the difference of the free surface elevations recorded at the 15 resistive wave gauges (WG) shown in Figure 8 . To have a quantitative estimation of the extent of the differences in the free surface elevation, the Root Mean Square Error (RMSE) over a time series of 10 s has been obtained and normalized between the experimental data and the NEMOH-MILDwave coupled model:
Coupling Methodology Implementation for Varying Bathymetry
The third objective of this research is to illustrate the capabilities of the developed NEMOHMILDwave coupled model to model wave transformations over a large domain. Subsequently, a varying bathymetry (as sketched in Figure 9 ) is applied to the numerical wave basin by modifying the tests 4-6 and tests 10-12 bathymetrical input (see Table 3 ). The 9-WEC array (see Figure 4) is placed in the center of the domain at a constant water depth of 20 m. The numerical simulations are performed using identical parameters to those reported in Section 3.1. The latter will provide a benchmark to assess the capability of the model for propagating the wave field over a varying bathymetry. 
Results
Coupling Methodology Implementation for Constant Bottom Bathymetry
In this section, the accuracy of the NEMOH-MILDwave coupled model using the presented coupling methodology is discussed. First, the benchmark for the coupling methodology comparison is obtained calculating the total wave field around the 9-WEC array for the BEM model NEMOH. Then, the same simulation is performed using the NEMOH-MILDwave coupled model. Finally, a comparison study between NEMOH and the NEMOH-MILDwave coupled model results is performed by comparing the K D .
NEMOH Wave Field
The K D for NEMOH is illustrated in Figure 10 . A diffracted-radiated pattern of waves interacting with the WEC array is observed. In front of the WEC array, there is a wave reflection pattern, while, in the lee of the WEC array, there is a wake effect with reduced values of K D . The diffracted wave pattern does not differ substantially for the three different wave periods both for regular waves and irregular waves. This is due to the fact that the size of the WEC modelled (WEC radius = 5 m) is smaller relative to the incoming wave length. In contrast, the magnitude of the diffracted wave over the radiated wave is increased when the wave period is reduced. As a result, there is almost no wave reflection observed for the case of T = 10 s and T p = 10 s, while for T= 6 s and 8 s and T p = 6 s and 8 s the wave reflection pattern is enhanced close to the center of the array, where more WECs are present.
Finally, a comparison between regular and irregular waves shows that less wave reflection occurs in front of the WEC array and reduced wake effect in the lee of the WEC array for smaller wave periods and irregular waves. This decreasing effect possibly originates from the superposition of 20 different frequencies resulting in the total wave field. The superposition of high frequency components will have a major contribution in modifying the incident wave. Due to the type of WEC modelled with a fixed B PTO , a larger effect of wave diffraction over wave radiation is observed for higher frequencies. On the contrary, low frequency components will contribute to reduce the wave diffraction and wave radiation effect due to irregular waves as they barely affect the incident wave field. This results in a reduction of both effects when modelling irregular waves leading to smaller values of K D compared to regular waves. 
NEMOH-MILDwave Coupled Model Wave Field
The K D values for the NEMOH-MILDwave coupled model are illustrated in Figure 11 . As reported before, there is a reflection pattern in front of the 9-WEC array while there is a reduction of K D values in the lee of the WEC array. In contrast to the NEMOH simulations, the numerical domain in MILDwave has now been increased considerably. As a result, it is possible to study the extent of these wave reflection and wake effects in a larger domain overcoming the size limitations of the wave-structure interaction solver. Qualitatively, the wave reflection and wake effects are larger for regular waves than for irregular waves. 
Comparison of the Total Wave Field Generated by NEMOH and the NEMOH-MILDwave Coupled Model
The K D for NEMOH and the NEMOH-MILDwave coupled modes results are depicted in Figures 10 and 11 , respectively. The observed K D close to the internal coupling generation line is slightly different in Figures 10 and 11 . In front of the WEC array, there is a positive difference in K D of 0.02 between NEMOH and the NEMOH-MILDwave coupled model, while, in the lee of the array, there is a negative difference in K D of −0.01. Despite these small differences, on a region of 800 m × 800 m around the 9-WEC array, the obtained correspondence of the results is very good.
In Figure 12 , six plots show the relative % difference in K D between the two models for the wave periods studied for regular and irregular waves. The coupling region is masked out in a white circle as the total wave field in this region corresponds to the NEMOH results.
The largest observed relative % difference in K D between the NEMOH-MILDwave coupled model and the NEMOH model is located in the region in front of the array for all cases. These relative % differences in K D never exceed 7% for all cases. Moreover, the difference in the observed total wave field is higher for regular waves than for irregular waves, being maximized for smaller periods. Thereafter, there is an overestimation in the NEMOH-MILDwave model when propagating the internal prescribed perturbed wave. This overestimation is concentrated locally close to the coupling region up to a maximum value of 3% and is reduced when moving away from it. Subsequently, an assumption can be made that the NEMOH-MILDwave coupled model is accurate when propagating the wave field on a large domain.
To have a better look at the agreement between the NEMOH-MILDwave coupled model and NEMOH, longitudinal cross-sections are taken at two different locations: S1 at the center of the domain, y = 0 m (Figure 13 ), and S2 with an off-set of 200 m along the y-axis, y = 200 m (Figure 14) . The cross-sections shown on the left side of the figures correspond to regular waves, while the cross sections shown on the right side of the figures correspond to irregular waves. The near field region that is modelled with NEMOH and is not part of the coupling methodology analysis is masked out in gray between two black vertical lines. Both coupled models show a good correlation as the values of K D obtained are close to each other. As it has already been mentioned, for irregular waves, the wake behind the WEC array is increased in both magnitude and distance but is narrower, in contrast to the higher wave reflection values in front of the WEC array given for regular waves. 
Coupling Methodology Validation for Constant Bottom Bathymetry against Experimental Data
The comparison between the NEMOH-MILDwave coupled model and the experimental data is shown in Figure 15 . Overall, there is a good agreement between the NEMOH-MILDwave coupled model and the experimental data as it can be seen in Figure 15 . However, it can be noticed that wave gauges 1, 10, 20, 32 and 33 show small differences on the surface elevation pattern.
The error of the free surface elevation for each wave gauge is included in Figure 16 . It can be seen that the best agreement is obtained in front of the WEC array (WG [1] [2] [3] [4] [5] and in the wake of the array (WG 11) with an error ranging from 3-5%. The biggest difference is also obtained in the wake of the array (WG10) close to the WEC array with an error of 11%. While evaluating this biggest difference, it has to be considered that experimental data is intrinsically nonlinear [24] . Nonlinear effects such as viscosity or the friction between the shaft an the WECs cannot be modeled with the coupling methodology employed as it is based on linear wave theory. This cannot be modeled with the coupling methodology employed as it is based on linear wave theory. When the wave propagates further from the WEC, these nonlinearities are reduced and therefore the agreement between experimental and numerical data is better. Finally, on the sides of the coupling region the error ranges from 6 to 9% showing that the numerical model is not accurately representing the wave diffraction around the WEC array.
It has to be noted, however, that, within this numerical validation, a linear model is compared with experimental data that has nonlinear effects. Therefore, it can be seen that further away from the location of the WEC array, a better agreement in the free surface elevation is obtained. 
Coupling Implementation for Varying Bathymetry
The K D are given in Figure 17 for both regular and irregular waves. Again, a wave reflection pattern is formed in front of the WEC array and a reduction in K D values appears in the lee of the WEC array. However, the presence of the bathymetry is changing the magnitude of the wave radiation and wave diffraction effects. As mentioned in Section 4.2, there is a reduction in the extent of the wake effects for higher periods and for irregular waves. In contrast to the constant bathymetry case, the extension of the wake effect tends to disappear with an increasing wave period for a varying bathymetry. Furthermore, there is a reduction in the wave reflection pattern up-wave. This is due to the shoaling effect that is expected to be bigger on waves with a larger wave length and consequently has a higher impact in higher wave periods than the generated wake behind the WEC array which is lower. Only for T = 6 s does the array total wave field modification outweigh the shoaling effects and thus the WEC array has an impact both up-wave and down-wave. For the other two wave periods modelled, the effect of the WEC array is practically nil in the region down-wave the WEC array where the shoaling effects are much greater than the wake effects.
To have a closer look at the effects of shoaling over the wave field generated around the WEC array, a longitudinal cross-section S1 is taken at the center of the domain, y = 0 m (Figure 18 ), for the constant and irregular bathymetry test cases. The cross-sections shown on the left side of the figures correspond to regular waves, while the cross sections shown on the right side of the figures correspond to irregular waves. The coupling region is masked out in gray between two vertical black lines, as the results between NEMOH and the NEMOH-MILDwave coupled model cannot be compared. Consistently, the influence of shoaling over wave reflection and wave diffraction effect of the WEC array is reduced with a reduction in the wave period. It can be observed that the changes in the wave reflection magnitude are due to the reduction of the incident wave caused by bottom induced propagation effects in the wave propagation model MILDwave. On the contrary, the reduction of the extent of the wake effects is generated by the increase of the wave height as the shoaling effect takes over. 
Discussion
In Section 4.1, it can be seen that the NEMOH-MILDwave coupled model can accurately propagate the total wave field around a WEC array according to linear wave theory. Nevertheless, there are some discrepancies for K D between NEMOH and the NEMOH-MILDwave coupled model close to the coupling region. These relative differences for K D remain under 3%. Moreover, when moving away from the coupling region these relative differences in K D are reduced. These reductions in the error are showing that the complexity of the hydrodynamic interactions when modelling the far field effects is not that influential, as wave diffraction and wave radiation effects diminish with distance. As a result, it can be concluded that the NEMOH-MILDwave coupled model is able to replicate the numerical NEMOH simulation and extend it to a larger domain. Furthermore, the simulations in Section 4.1 have been extended including a varying bathymetry in Section 4.3. Those simulations have given good results, showing the effect of bottom induced propagation effects over the wave reflection and wake effects caused by the WEC array in the incident wave. Subsequently, it has been demonstrated that the NEMOH-MILDwave coupled model can be used to analyze the impacts of a WEC array in a wave field over a varying bathymetry over a large coastal zone.
However, coupling NEMOH and MILDwave has some limitations. Firstly, despite the fact that the time spent to compute a small WEC array in this study is not very long, it can increase considerably when increasing the number of WECs present. The NEMOH simulations are performed for nine WECs with one degree of freedom (DOF) and one direction. For an array of J WECs with six DOFs, the computational time of a BEM model increases as σ 6J , with increased simulation time in larger domains. Consequently, the maximum number of WECs that can be used is limited. Secondly, NEMOH calculations can only be performed on a constant bathymetry. This assumption is valid for closely spaced WECs in deep water. However, when the WECs are placed in intermediate or shallow waters, the effects of the bathymetry are significant as shown in Section 4.2 and according to [18] . It is necessary to study the influence of the bathymetry in closely space WEC arrays in order to define the extent of the WEC array that can be modelled. Thirdly, irregular waves are calculated as a superposition of regular waves. To increase the accuracy of the results, an increase in the number of regular wave components is required, resulting in more computational time. Finally, a heaving buoy modelled with a passive resistive PTO has an effect on the surrounding areas that is highly influenced by wave diffraction and not so much by wave radiation. This clearly shows the importance of the frequency distribution in the WEC array effects and the need for a realistic modelling of the WEC PTO to maximize the power output and thus quantify its effect on the surrounding wave field [37] .
In terms of limitations of the proposed coupling methodology, these depend each time on the type of models that are coupled. Specifically for coupling between two linear models such as NEMOH and MILDwave which are used here, the resulting coupled model will provide conservative results in study cases when nonlinear phenomena are dominating. Moreover, MILDwave is applied for mild-slope bathymetries. On the other hand, the above limitations can be overcome when applying the proposed coupling methodology, if, for instance, nonlinear models are coupled (which however often introduce computational instability and high computational cost).
Conclusions
In this paper, a generic coupling methodology has been presented to calculate far field effects of floating structures. The wave propagation model MILDwave and the wave structure interaction solver NEMOH are combined to model the wave field propagating around a WEC array under regular and irregular waves over a constant or varying bathymetry. Pairing models with different resolutions enables the modeler to obtain accurate results within a reasonable computational time. It has been demonstrated that there is a good agreement between the NEMOH-MILDwave coupled model and the NEMOH solution in the close proximity of the coupling region for both regular and irregular waves. As a result, it can be assumed that the NEMOH-MILDwave coupled model can be extended to larger domains. Furthermore, a good agreement is obtained between numerical and experimental results. Even though there are some discrepancies between the numerical and experimental results, these discrepancies are mainly caused due to non-linear effects during the experiments. The numerical results have been extended to a varying bathymetry. It is seen that the bathymetry highly influences the total wave field around the WEC array and thus the coupling methodology presented provides itself as a useful numerical tool for wave energy studies assessing the coastal impact of WECs arrays within linear wave theory. The numerical results have also shown some limitations regarding computational time, the number of WECs modelled and the accuracy of PTO modelling. Regardless of this limitations, the NEMOH-MILDwave coupled model introduced has proven to be a reliable tool that can be applied in a fast and efficient way to calculate far field effects of WEC arrays. The next steps in our modelling work is to extend the methodology to real bathymetries in the MILDwave domain to study the effect of WEC arrays on a real case scenario. As MILDwave correctly models coastal transformation processes, this will allow for calculating the impact of a wave farm on any particular coastal area given any type of WEC. Different array and PTO configurations will be tested in order to accurately represent the wave absorption of commercially viable WECs.
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